The rate of homoribopolymer-directed DNA synthesis by detergent-disrupted Moloney murine leukemia virus can be stimulated or inhibited by histone, depending on the ratio of histone to template. Of the fractions which can be separated from the whole histone, fl causes both the greatest stimulation and the greatest inhibition. The effect of histone fl is qualitatively similar whether the template is polyadenylate (poly A), polycytidylate, or polyuridylate, but the stimulation is greatest with poly A. The pattern of stimulation and inhibition differs, however, for a different polymerase; the DNA polymerase of Micrococcus luteus is inhibited by histone concentrations which stimulate the viral enzyme and stimulated by concentrations which inhibit the viral enzyme. For the viral enzyme, the optimum histone concentration is unaffected by changes in the virus or primer concentration; but it varies in proportion to the template concentration, suggesting that histone acts by combining stoichiometrically with the template. These data raise the possibility that a histone-like protein may participate in the synthesis of the provirus of RNA tumor viruses.
According to the provirus hypothesis (20) the life cycle of an RNA tumor virus requires the synthesis of a DNA copy of the viral RNA, presumably by the virion-associated DNA polymerase (1, 22) , shortly after infection of a cell. An analogue of this hypothetical step can be observed in vitro: namely, the synthesis of virus-specific DNA by detergent-disrupted virions or by purified viral polymerase (see 21 for review).
Several other in vitro polynucleotide synthesizing systems require a protein in stoichiometric combination with the polynucleotide template to attain a maximal rate of synthesis. For three phage and bacterial DNA-synthesizing systems, the necessary proteins were isolated as DNA-binding proteins (7, 17, 18) which bind preferentially to single-stranded rather than double-stranded DNA. The binding properties might suggest that these proteins are basic proteins, but the T4 bacteriophage protein is known to be acidic (7) .
A protein fraction isolated from avian myeloblastosis virus stimulates the purified viral DNA polymerase (15) . The mechanism of stimulation has been characterized, but the physicochemical properties of the stimulatory protein have not been described.
The RNA replicase of bacteriophage Q,B also requires accessory proteins. The synthesis of a copy of the viral RNA by purified replicase requires the addition of two protein factors (19) , one of which can be any of a number of basic bacterial proteins or even eukaryotic histones (14) . If histones can associate with an RNA template and facilitate the synthesis of an RNA copy, they may similarly facilitate the synthesis of a DNA copy. In this paper I show that histones stimulate the rate of homopolyribonucleotide-directed polydeoxyribonucleotide synthesis by the virion-associated DNA polymerase of Moloney murine leukemia virus. This observation raises the possibility that a histone-like protein may participate in the synthesis of a provirus during infection by an RNA tumor virus. 83 ,000 x g). The visible virus band was diluted, and the virus was collected by centrifugation for 90 min at 96,000 x g, resuspended in 0.01 M Tris-hydrochloride (pH 7.4), and dialyzed for 24 h against the same buffer.
MATERIALS AND METHODS
Polymerase assays. Reaction mixes contained the following components, unless otherwise specified, in a final volume of 50 uliters: Tris-hydrochloride buffer, 50 mM, pH 7.9; NaCl, 60 mM; dithiothreitol, 20 mM;
[3H ]thymidine triphosphate, 21 MM, 1,600 counts per min per pmol; polyriboadenylic acid, 50 gM; oligothymidylic acid, 5 MM; Nonidet P-40, 0.05%; MnCl2, 1 mM; Moloney MLV, 1.9 Ag of viral protein per ml.
(The 1 M Tris-hydrochloride stock had a pH at room temperature of 8.3; diluted to 50 mM at 37 C, the pH was 7.9.)
Radioactivity incorporated into acid-insoluble material was measured by spotting 20 Mliters on a disk of Whatman 3MM paper and washing the paper once in 10% trichloroacetic acid containing 1% sodium pyrophosphate, six times in 5% trichloroacetic acid, twice in 95% ethanol, and once in acetone (3). After drying, the papers were counted in toluene containing 0.5% 2, 5-diphenyloxazole and 0.03% 1, 4-bis-2-(5-phenyloxazolyl)benzene with an efficiency of 33%. Blank tubes (lacking virus) incorporated 0.2 pmol or less in 30 min, unless otherwise noted. Under these conditions, incorporation at 60 min was approximately twice that at 30 min except at inhibitory concentrations of histone, which stopped incorporation early. The greatest incorporation presented here corresponds to less than 25% of the substrate and less than 10% of the template.
Materials. Deoxynucleoside triphosphates were purchased from Schwartz/Mann, Orangeburg Protein concentration was determined by the Lowry procedure (16) or the biuret reaction (25) using crystalline bovine serum albumin as a standard.
Concentrations of nucleotides were checked by optical density using extinction coefficients supplied by the manufacturers.
Histones. Unfractionated calf thymus histone was purchased from Schwartz/Mann. Histone fractions, a gift from L. Pothier, had been extracted from calf thymus according to Johns (9) Method 1 for fl, f2b, and f3 and Johns (11) for f2al and f2a2. The amino acid composition of these fractions corresponds with published values (9, 11) . By polyacrylamide gel electrophoresis (10), fl migrates as a single band while the other fractions each contain a minor second band.
RESULTS
Unfractionated histones. Figure 1 shows that unfractionated calf thymus histone affects the rate of polyadenylate-directed (poly Adirected) synthesis of polythymidylate (poly T) by disrupted virions of Moloney murine leukemia virus. As the concentration of histone is raised, the reaction rate increases, passes through an optimum, and falls almost to zero. Similar addition of bovine serum albumin has little effect and the homopolypeptides polylysine or polyarginine only inhibit the reaction. The stimulation observed is thus a specific property of histone not shared by proteins or basic polypeptides in general.
Histone fractions. Calf thymus histone is a mixture of proteins which can be selectively precipitated, yielding fractions which are mixtures of very closely related proteins (12) . Figure  2 shows that these fractions also differ in their stimulation and inhibition of the poly Adirected synthesis of poly T. Fraction fl stimulates most at an optimal concentration and inhibits most at higher concentrations. The following experiments will characterize this effect of histone fraction fl.
Other templates. The effect of histone fl is not limited to a single template. Figure 3 shows that 10 ,ug of histone fl per ml stimulates polydeoxyguanidylate (poly dG) synthesis diconcentration, jig/ml FIG. 1. Effect of histone, bovine serum albumin, and basic polypeptides on the rate of poly A-directed poly T synthesis by disrupted virions of Moloney murine leukemia virus. In addition to the components described in Materials and Methods, the reaction mixtures contained the indicated concentrations of calf thymus histone, crystalline bovine serum albumin, polylysine, or polyarginine. The figure contains the results of three experiments normalized to the incorporation observed without additive, which was between 19.6 and 31.4 pmol/30 min.
FIG. 2.
Stimulation of poly A-directed poly T synthesis by histone fractions. Reaction mixes contained the components described in Materials and Methods with the addition of histone fractions prepared according to Johns (9, 11) .
rected by polycytidylate (poly C) and that 4 zg of histone fl per ml stimulates polydeoxyadenylate (poly dA) synthesis directed by polyuridylate (poly U). The effect in both cases is less than that observed in the poly A-directed reaction.
Bacterial polymerase. Histone fl does not have the same effect on all polymerases. Figure  4 compares the effect of histone fl on poly T synthesis by either disrupted MLV virions or by a DNA polymerase from Micrococcus luteus. The micrococcal enzyme is inhibited at histone concentrations which stimulate the viral enzyme and is stimulated at histone concentrations which inhibit the viral enzyme. The concentrations of the two DNA polymerases differ in this experiment; if viral polymerase constitutes 1% of viral protein (13), they differ by a factor of 50. However, the effect of histone on both polymerase reactions is unaffected by changes in the polymerase concentration (see Fig. 6 , and unpublished data). In particular, if the concentration of viral protein is raised a factor of 30 to 93 gg/ml (and the time of incubation is shortened), the rate of reaction still depends upon histone concentration as shown in Fig. 4 .
Stoichiometry. If histone fl stimulates the reaction rate by interacting stoichiometrically with one of the components of the reaction mixture, the optimum histone concentration should change as the concentration of that component changes. Figures 5, 6 , and 7 show the results of experiments testing this hypothesis for the concentration of virus, the primer oligothymidylate (oligo T), and the template poly A. Figures 5 and 6 show, respectively, that the optimum histone concentration changes little when the oligo T concentration changes over a 100-fold range or when the virus concentration changes over a fivefold range. On the other hand, Fig. 7 shows that the histone optimum does change when the concentration of poly A changes, and that the optimum is proportional to the poly A concentration. The optimum occurs at a poly A: histone fl ratio of about 1:1.75 by weight, or 0.6 lysine, arginine, and histidine residues per phosphodiester group.
Kinetics. When the TTP concentration is varied, the reaction follows simple MichaelisMenten kinetics (5) . That is, the reciprocal of the rate of poly T synthesis is proportional to the reciprocal of the TTP concentration for both the histone-stimulated and the unstimulated reactions (data not shown). Table 1 shows two determinations of the Km and Vmax of these reactions calculated by the method of Wilkinson (24) . The major effect of histone is to raise Vmax, but it may also lower Km. The Km found for these reactions is somewhat higher than that histone fl, jig/ml found for the purified polymerase of Rauscher MLV (26 ,M) (8) .
Salt concentration. The salt concentration used in these experiments was that which was optimal for the endogenous reaction of detergent-disrupted virus (1). The optima for each of the homopolymer-directed reactions are different. However, in each case the stimulation by histone fl can be observed over a range of salt concentrations including the optimum. The interaction of salt and histone will be described in another communication.
Other characteristics. Table 2 shows that histone fl does not relieve the previously described requirement for a primer (2) . In addition, the effect of histone fl is unchanged if 5 gM poly T is substituted for the oligo T primer (Table 2 , experiment 2). The polymerase reaction requires detergent whether or not histone is present; and, between 0.005% and 0.4% Nonidet P-40, the rate of poly T synthesis is independent of detergent concentration for both histonestimulated and unstimulated reactions ( Table   2 , experiment 3). Finally, when reactions containing high amounts of virus and substrate and low amounts of template are run to completion, the yield of poly T is roughly equivalent to the amount of template for both the unstimulated and histone-stimulated reactions (data not shown).
DISCUSSION
Histones either stimulate or inhibit RNAdirected DNA synthesis, depending upon the ratio of histone to template. These effects apparently depend on the structure of the histone.
The effect can be duplicated neither by adding other protein, nor by adding basic polypeptides. Furthermore, the magnitude of both the stimulation and the inhibition varies for different histone fractions. Histone fl does not relieve the requirement for an oligonucleotide primer. This effect superficially resembles the effect of histone on the Qf3 replicase (14) , the effect of spermidine on the pol III DNA polymerase system (23) and the effect of various DNA-binding proteins (not known to be basic proteins) on homologous polymerase systems (7, 17, 18) .
The optimum histone concentration varies with the template concentration but is independent of the enzyme concentration and is almost independent of the primer concentration. These facts suggest that there is a stoichiometric interaction between histone fl and the template. However, they do not rule out the possibility of additional interactions between histone fl and the enzyme or the primer. The reaction mixtures contain less enzyme or primer than template and the histone-poly A interac-50 histone fl,jig/ml 
